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ABSTRACT 
Carbon/graphite f i b e r s  were chemically oxidized 
i n  the  l i q u i d  phase t o  f i b e r s  of graphi te  oxide. R e s i s t -  
i v i t y  increases  as high as l o 4  t i m e s  was obtained, the  
oxidized f i b e r  decomposed on exposure t o  atmosphere. A 
f a c t o r  of 10' remained a s  a s t a b l e  increment. The l a r g e s t  
6 
change observed was 10 times. Best r e s u l t s  were obtained 
on t h e  most highly graphi t ized f i b e r s .  Electrochemical 
oxidation yielded a lower increase -- about 1 0  times, but 
provided a cont ro l lab le  method of gynthesis and i n s i g h t  
t o  t h e  mechanism of reaction. Tensile t e s t s  indicated 
t h a t  t h e  s t rength  of the f i b e r  on oxidation was decreased 
by no more than 25%. 
I I INTRODUCTION 
I 
1 
Recently, it was found t h a t  a dispersion of  carbon/graphite 
f i b e r s  i n  a i r ,  a s  might occur during the  burning of fiber-epoxy I 
composites, would cause shor t ing  and arc ing  problems i n  nearby 
e l e c t r i c a l  equipment. T%.I*, problem is  primari ly  due t o  the  
1-3 high e l e c t r i c a l  conductivity of  graphi te  f i b e r s  . . I t  was thus  
proposed t h a t  we attempt t o  convert the  graphi te  f i b e r  i n t o  
I 
non-conducting graphi te  oxide without degrading t h e  mechanical I 
proper t i e s  of t h e  f ibe r .  
Graphite oxide is one of t h e  two known covalent compounds 
of  graphite.  The compound demonstrates high s t a b i l i t y  a t  normal 
temperatures because o f  i ts  covalent c h a r a c t e r i s t i c s .  Its 
3 7 
e l e c t r i c a l  r e s i s t i v i t y  va r i e s  from 10 t o  la ohm cm, depending 
4 
on t h e  carbon t o  oxygen r a t i o  . No d e f i n i t e  stoichiometry can 
be assigned t o  t h e  compound but  an idea l i zed  formula has been 
postulated as C8O2 (OH) 258  6. The covalent carbon-oxygen-carbon 
bonds ( e t h e r  l inkage) suggest a puckering of layers .  The oxygen 
atoms, however, can a l s o  demonstrate keto-en01 tautomerism 7-9 
which would preserve t h e  planar hexagonal network. Thus, it is 
expected a p r i o r i  t h a t  a p a r t i a l  conversion of  carbon/graphite 
f i b e r  t o  t h e  corresponding oxide would provide a balanced so lu t ion  
to  t h e  air-born f i b e r  problem, s ince  conversion might not  ser ious ly  
degrade the  f i b e r ' s  mechanical propert ies .  . 
In  t h e  f i r s t  phase of the  study, we successful ly  obtained a 
3 s t a b l e  oxidized f i b e r  with a f a c t o r  of 10 increase  i n  r e s i s t i v i t y  
by chemical oxidation. However, t h e  chemical method produced 
e r r a t i c  r e s u l t s  and indicated a poor adap tab i l i ty  t o  commercial 
processing. In  order  t o  gain a cont ro l  over t h e  oxidat ion process 
the  f e a s i b i l i t y  of electrochemical oxidation was considered i n  
t he  second phase of t h e  research.  The mechanical p r o p e r t i e s  o f  
t h e  f i b e r s  due t o  3x ida t ion  have also been examined. 
I. Chemical Oxidation 
Materials: The following carbon/graphite f i b e r s  were s e l e c t e d  
f o r  examination: Type P (Union Carbide) ,  GY-70 and GT-30 (Celanese) 
and HMS and H7 (Hercules) .  A l l  o f  t h e s e  f i b e r s  are commercially 
a v a i l a b l e  and are t h e r e f o r e  assumed to  be suppl ied  wi th  a su r f ace  
t reatment .  The Type P f i b e r  has a p i t c h  precursor  whereas f o r  
t 
a l l  o f  t h e  o t h e r s  t h e  precursor  i s  p o l y a c r y l o n i t r i l e .  The v a r i e t y '  
o f  f i b e r s  employed i n  t h e  s tudy w a s  intended t o  g ive  a cross 
s e c t i o n  of those  commercially a v a i l a b l e  s o  t h a t  any t rea tments  
developed to  inc rease  r e s i s t i v i t y  w i l l  have genera l  a p p l i c a b i l i t y .  
Experimental Procedures: The g raph i t e  f i b e r  w a s  oxidized with  
v a r i a t i o n s  on t h e  method descr ibed by ~ununers". Before experi-  
menting with  s i n g l e ,  continuous f i b e r s ,  a few grams o f  chopped 
f i b e r  were t r e a t e d  and t h e  onse t  of  ox ida t ion  v e r i f i e d  by t h e  
appearance of  a green hue o f  t h e  suspended product  i n  water. 
With s l i g h t l y  modified proceduresra s i n g l e  f i b e r  mounted on an 
alumina s u b s t r a t e  wi th  platinum con tac t s  was t r e a t e d  s i m i l a r l y .  
Using t h e  Hummers method, t h e  s u b s t r a t e  was placed i n  a 100 m l  
beaker wi th  10 m l  concentra ted s u l f u r i c  a c i d  and 0.25 g of sodium 
n i t r a t e .  Slowly added t o  t h e  so lu t ion  was 1.25 g of  potassium 
permanganate w i t h  a g i t a t i o n  mild enough no t  t o  break t h e  f i b e r .  
Excess o r  rap id  add i t i on  of  K M n 0 4  was avoided i n  o r d e r  t o  
prevent t h e  formation of manganese heptoxide, MN207, which 
separated a s  an uns tab le  phase and decomposed on hea t ing  i n t o  
oxygen and manganese dioxide.  The beaker was then s e t  i n  a cons tan t  
brown gas  was evolved as t h e  r eac t ion  progressed. The s o l u t i o n  
mixture a l s o  turned brown due t o  t h e  reduc t ion  of permanganated 
ion  t o  manganese dioxide.  
A t  t h e  end of  orie hour, t h e  beaker w a s  placed i n  an i c e  ba th  
i 
1 
whi le  20 m l  of d i s t i l l e d  water w a s  added dropwise. Violent  
d 
ef fe rvesence  o f  purp le  gas and an inc rease  i n  temperature were 
observed. Because of  t h e  large hea t  of  mixing of the B2S04-H20 
i 
a; 
system and t h e  formation o f  Mn20, from add i t i on  o f  water ,  a 
good hea t  t r a n s f e r  system was e s s e n t i a l  t o  avoid explosion,  The 
-: 
beaker was then  taken and maintained i n  a b o i l i n g  water ba th  
f o r  20 rnin., while  t h e  remaining n i t r i c  ac id  bo i led  o f f .  
A f t e r  removing t h e  water bath ,  60 m l  of  water  w a s  added t o  
f u r t h e r  d i l u t e  t h e  so lu t ion .  The s u b s t r a t e  w a s  then  taken o u t  
of t h e  beaker and t r e a t e d  wi th  3% hydrogen peroxide to  reduce 
t h e  r e s i d u a l  permanganate ion  and manganese dioxide t o  manganese 
(11) ion.  A f t e r  washing wi th  water and drying i n  a i r ,  t h e  sample 
was ready f o r  r e s i s t i v i t y  measurements. 
R e s i s t i v i t y  Measurements : For t h e  purpose of measuring t h e  
r e s i s t a n c e  of  s i n g l e  fibers before  and a f t e r  ox ida t ion ,  they were 
mounted on an alumina s u b s t r a t e  sc reen  p r i n t e d  wi th  fou r  platinum 
l e a d s  us ing go ld  p a i n t  f o r  electrical contac t .  Resis tance could 
then be convenient ly  measured using t h e  four-point  r e s i s t a n c e  
method, which measures t h e  vo l tage  drop across  t h e  two c e n t e r  
con tac t s  one cen t imeter  a p a r t  when a known c u r r e n t  is passed 
through t h e  f i b e r  from t h e  o u t e r  two l eads .  This  technique 
e l imina t e s  extraneous e f f e c t s  from l e a d  r e s i s t a n c e .  For fiber 
r e s i s t a n c e s  approaching t h a t  o f  t h e  i npu t  r e s i s t a n c e  of  t h e  
vol tmeter  (10 M) , a r e s i s t a n c e  comparison method was employed, 
y i e l d i n g  a less p r e c i s e  r e s u l t .  I n  us ing t h e  fou r  po in t  method, 
we ass- t h a t  c o n t a c t  a t  t h e  su r f ace  of  a f i b e r  r e s u l t s  i n  an 
even cu r r en t  d i s t r i b u t i o n  i n  t h e  a x i a l  d i r e c t i o n  i n  t h e  f i b e r  
between t h e  vo l tage  probes,  an  assumption j u s t i f i e d  by t h e  
l a r g e  leng th  t o  diameter r a t i o  of t h e  f i b e r  (l/d=lOOO). . 
Resul t  and Discussion: Various ox ida t ion  procedures have 
been tested t o  s ea rch  f o r  t h e  optimum condi t ions .  Varying t h e  
r e a c t i o n  t i m e  from 10 min. t o  5 hours r e s u l t s  i n  no observable  
d i f f e r ence  i n  r e s i s t i v i t y .  This  sugges t s  t h a t  k i n e t i c s  i n  t h e  
oxidat ion s t e p  is fast. Di f fe ren t  p ropor t ions  of r e a c t a n t s  are 
a l s o  tried and aga in  t h e  d i f f e r e n c e s  are no t  l a rge .  Presumably 
t h e  r e a c t a n t s  a r e  s o  much i n  excess  t h a t  t h e i r  r e l a t i v e  amounts 
do no t  matter.  A l s o ,  a t tempts  were made t o  c o r r e l a t e  t h e  degree 
of ox ida t ion  with  r eac t ion  temperature. I t  is be l ieved  t h a t  a t  
temperatures below ZOOC t h e  r e a c t i o n  proceeds very slowly,  bu t  
a t  temperatures above 4 5 ' ~  complete ox ida t ion  would y i e l d  mainly 
C02 i n s t ead  o f  i n t e r c a l a t i n g  t h e  oxygen atoms i n t o  t h e  g raph i t e  
latt ice.  This  series of  experiments shows t h a t  i n t e r s t i t i a l  
ox ida t ion  i s  unfavorable ou t s ide  t h i s  temperature range. However, 
t h e  r e l a t i o n s h i p  between t h e  e f f e c t i v e n e s s  o f  i n t e r c a l a t i o n  and 
r eac t ion  temperature wi th in  t h a t  range i s  no t  w e l l  e s t ab l i shed .  
The r e s u l t s  obta ined on Type-P f i b e r s  are t abu la t ed  i n  Table I 
and shown more c l e a r l y  i n  Figure 1. Resul t s  on d i f f e r e n t  types  
of f i b e r s  are shown i n  Table 11. 
. . 
From t h i s  it can be concluded t h a t  t h e  Fibers wi th  t h e  b e a t  
def ined  g r a p h i t i c  s t r u c t u r e  produce t h e  l a r g e s t  changes i n  
r e s i s t i v i t y .  The r e s i s t i v i t i e s  o f  a l l  t h e  samples were found 
t o  decrease  wi th  t i m e  on exposure t o  atmosphere. A t y p i c a l  
decay curve is shown i n  Figure. 2 f o r  an oxidized Type-P f i b e r .  
The decay cons tan t  i n  t h i s  ca se  is k = 0.035/day' assuming 
a r e l a t i o n s h i p  of P = P1 + pee -kt  
where p is  r e s i s t i v i t y .  
'Th i s  r e l a t i o n s h i p  sugges t s  a d i f f u s i o n  l imi t ed  reac t ion .  
W e  suggest  t h a t ,  a s  prepared, t h e  g raph i t e  oxide may have an 
empi+ical composition o f  CnOH which looses  water  by t h e  (elPpjrical) 
r e a c t i o n  
and reached an equi l ib r ium d i s t r i b u t i o n  of e t h e r  and hydroxyl 
l inkages .  
. .C .C 
. - a . -- . - .  
Tens i l e  T e s t :  In  prel iminary s t u d i e s ,  s i n g l e  f i b e r s  of 
Type HMS and bundles of  GY-70 and Type-P f i b e r s  were chemically 
oxidized a s  before.  Prel iminary s t u d i e s  showed t h a t  t h e  ox ida t ion  
process  decreased t h e  t e n s i l e  s t r e n g t h  of  t he  f i b e r s ,  b u t  by no 
more than 40 perccnt .  Subsequent tests were a l l  performed on 
s i n g l e  GY-70 f i b e r s  and s i m i l a r  r e s u l t s  were obtained.  
A s i n g l e  f i b e r  of two inches  i n  length wae mounted on a 
t h i n  paper by epoxy g lue  as shown i n  Figure  3. The t e n s i l e  
tests were made on an I n s t r o n  Tes t  Machine. Care was taken 
t o  mount the sample on t h e  instrument s o  t h a t  t he  a x i s  of 
t h e  f i b e r  and t h e  app l i ed  load were proper ly  al igned.  The 
paper was then  c u t  a t  t h e  middle and t e s t i n g  conducted a t  a 
r a t e  of 0.05 cm/mln. 
Since an oxidized fiber can only be  used e i t h e x  f o r  reaia-  
t i v i t y  measurement o r  a mechanical test, no c o r r e l a t i o n  could 
be made between t h e  change of r e s i s t i v i t y  and t e n s i l e  s t rength .  
Y e t  f o r  each ba tch  t reatment  where s e v e r a l  fibers were oxidized,  
one f i b e r  was taken f o r  r e s i s t i v i t y  measurement. A conservative 
estimate is t h a t  t h e  t r e a t e d  f i b e r s  a13 have a r e s i s t i v i t y  
i nc rease  i n  excess  of 100 times. Change i n  mechanical p rope r t i e s  
I is computed based on t h e  average of d a t a  obtained on a l a r g e  
number o f  oxidized and p r i s t i n e  f i b e r s .  Table I11 summarizes t h e  
r e s u l t s .  I t  can be conaluded t h a t  t h e  oxidized f i b e r s  do pre- 
se rve  t h e i r  mechanical s t rength .  
Electrochemical  Oxidation 
Experimental Procedure: A schematic diagram of t he  apparatus I 
used f o r  t h e  e l e c t r o l y s i s  is shown i n  Figure 4. The anode i n  
t h e  c i r c u i t  was a plat inum e lec t rode .  The cathode w a s  a s i n g l e  
f i b e r  a t t ached  t o  an alumina s u b s t r a t e .  Two types of  f i b e r s ,  
Type-P and GY-70, were used i n  t h e s e  experiments. Leads were 
connected t o  t h e  s u b s t r a t e  t o  f a c i l i t a t e  r e s i s t i v i t y  measurements 
by t h e  four-poict  method. The e l e c t r o l y t e  used was commercially 
I 
avai lab le  concentrated sulphuric  ac id  (95-988). The e l e c t o l y s i s  
was ca r r i ed  out  i n  e i t h e r  ga lvanos ta t ic  o r  p o t e n t i o s t a t i c  con- 
d i t ions .  The res i s t ance  of t h e  e l e c t r o l y t e  was s u f f i c i e n t l y  
high t h a t  it could be neglected i n  the  analys is  of the  e l ec t ro -  
chemical data.  
I n  galvanolysis,  t yp ica l ly  a constant  cur rent  of (2.00 r amp 
+ - 1%) was passed through the  cell, and the  voltage d i f ference  
between t h e  sample and the  reference e lec t rode  was recorded con- 
t inuously.  The p la teau  phenomenon wau much less obvious than i n  
the  case of oxidizing highly or iented  pyro ly t i c  graphi te  (HOPG) 
c rys ta l s .  Usually only t h r e e  d i s t i n c t  s lopes could be observed. 
T h i s  is apparently due t o  a lower degree of perfect ion of c rys ta l -  
l i n i t y  i n  the  fiber. Ftesis t ivi ty  measurements were taken period- 
i c a l l y .  
I n  t h e  p o t e n t i o s t a t i c  method, t h e  po ten t i a l  between t h e  
working and reference e lec t rode  was increased stepwise. For 
each p o t e n t i a l  t h e  c e l l  cur rent  was allowed t o  reach i ts  steady 
s t a t e  value before the  increment. The c e l l  waa a l s o  disconnectdd 
f o r  r e s i s t i v i t y  measurement a s  the  current  approached t h i s  l imi t ing  
value. It i s  poss ib le  t h a t  d i f f e r e n t  concentrations of ions  
were i n t e r c a l a t e d  along the  f i b e r  a x i s  due t o  s t r u c t u r a l  imper- 
1 fect ions.  In  order  t o  check agains t  t h i s  non-uniform a t t ack ,  1 tho voltage drop acroas the  sample was recorded separa te ly  w i t h  I currents  passed through from both d i rec t ions  when measuring t h e  
r e s i s t i v i t y .  The average of these  two absolute values was used. 
I f  it i s  assumad t h a t  t h e r e  are no r eac t ions  a t  t h e  anode 
o t h e r  than  ox ida t ion  of t h e  f i b e r ,  t h e  equiva len ts  of charge 
i n t e r c a l a t e d  per carbon atom, n can be ca l cu l a t ed  as 
where t = oxida t ion  tima i n  sec. 
i = c u r r e n t  i n  amperes 
w = weight of t h e  g r a p h i t e  f i b e r  i n  grams 
The weight of  a s i n g l e  f i b e r  war approximated by assuming 
3 the diameter as 10V m and t h e  dens i ty  2 g/cm . The length of 
the sample was always 1 an. Using these  approximations, 
n = 7 9 x t x i  
I E l e c t r o l y t e s  of  d i f f e r e n t  compositions were used t o  
detennine t h e  e f f e c t s  of d i f f e r e n t  r e a c t a n t s  on t h e  mechanism 
of g raph i t e  oxide formation. Acid concent ra t ions  ranged from 
1% t o  989. Fuming su lphur ic  a c i d  was a l s o  used t o  incxease 
t h e  medium's a c i d i t y  and t o t a l l y  e l imina te  t h e  presence of water. 
Result  and Discussion: The r e s u l t s  of a cons tan t  cur ren t  
and a cons tan t  p o t e n t i a l  e l e c t r o l y s i s  are shown i n  Fig. 5 and 
Fig. 6 r e spec t ive ly .  A t  e a r l y  s tages  of t h e  e l e c t r o l y s i s  t he  
formation o f  g r a p h i t e  b i su lpha t e  is t h e  dominant r eac t ion  and 
t h e  charge i n t e r c a l a t e d  can be approximated c lo se ly .  I n  Fig. 6 
w e  see t h a t  t h e  r e s i s t i v i t y  drops s t e e p l y  dur ing t h e  i n t e r c a l a t i o n  
of  b i su lpha t e  ions. The minimum corresponds roughly t o  a s tage  1 
compound. A t  t h i s  po in t ,  t h e  hydro lys i s  r eac t ion  becomes s ig-  
n i f i c a n t .  Fur ther  ox ida t ion  r a i s e s  t h e  r e s i s t i v i t y  back t o  i ts 
* -9- 
i n i t i a l  value. P a r t i a l  conversion of  g raph i t e  oxide t o  carbon 
ox ides  can be expected. The follcnsing r e a c t i o n s  a r e  bel ieved 
11. t o  t a k e  p lace  i n  the e a r l y  stage. o f  e lect rochemical  ox ida t ion  . 
Graphite oxide is always i n  equi l ib r ium wi th  g r a p h i t e  b i su l -  
phate ,  and the product  dur ing  e a r l y  s t age r  can be expected t o  . 
be a mixture o f  t w o  compounds. Once t h e  g raph i t e  has  been 
ox id ized  to  a rtage-1 b i su lpha te  compound ( i n  equ i l i b r ium with  
some -OH compound) f u r t h e r  r eac t ion  must proceed by a t o t a l l y  
d i f f e r e n t  mechanism. Xndeed, Fig. 6 i n d i c a t e s  t h a t  f a r  more 
I charge is t r a n s f e r r e d  than can be accounted f o r  by f u r t h e r  
ox ida t ion  o f  t h e  graphi te .  W e  suggest  t h a t  t h e  cathode r eac t ion  
I f o r  t h i s  p a r t  of  t h e  process  is  
Since t h e  hydroxyl r ad i ca l8wi l l accumula t e  i n  t h e  i n t e r c a l a t i o n  
compound-solution i n t e r f a c e ,  they could also d i f f u ~ e  i n t o  
t h e  la t t ice  and w e  would expect  t h e  following r eac t ion .  
The s u l f u r i c  a c i d  would d i f f u s e  o u t  of t h e  l a t t i c e  as t h e  
covalent  C-0 bonds are formed by t h e  f r ee - r ad i ca l  mechanism. I 
Most of  t h e  hydroxyl r a d i c a l s  formed at. t h e  cathode would, 
however, be consumed i n  r e a c t i o n s  wi th  s u l f u r i c  a c i d ,  probably 
, 
reducing it to  su l furous  a c i d  wi th  water a s  a byproduct. 
The vo l t age  requi red  t o  form g raph i t e  oxide e l e c t r a c h e r i a a l l y  
,by t h e  method used here)  is probably j u s t t h a t v o l t a g a  required 
t o  reduce H2S04 t o  Ii2S03 (or Ii20 and SO2), and t h e  graphi te  
r e a c t i o n  might be considered as t h e  s i d e  reac t ion .  
Fig. 6 shows t h a t ,  a f t e r  recover ing its i n i t i a l  r e s imt iv i ty ,  
t h e  r e s i s t i v i t y  o f  a f i b e r  increased almost exponential ly.  
Unfortunately,  i n  a l l  of  t h e  experiments the f i b e r s  broke when 
t h e  r e s i s t i v i t y  had increased by about a f a c t o r  of  10. The 
breakage always occurred a t  t h e  con tac t  point .  This  might be 
caused by t h e  p re s su re  developed i n  t h e  i n t e r i o r  of t h e  f i b e r  
as gaseous carbon o x i d e s ' a r e  formed through over-reaction,  or 
a s t r u c t u r a l  change t h a t  e x e r t s  a s t r a i n  on t h e  f i b e r ,  o r  t h e  
d i s s o l u t i o n  o f  t h e  gold pas t e  t h a t  c a r r i e s  away t h e  fiber- No 
s o l u t i o n  has been found t o  t h i s  breakage problem. 
I n  o rde r  t o  determine t h e  upper l i m i t  of  t h e  r e s i s t i v i t y  
change, bundles of  f i b e r s  were oxidized e lect rochemical ly .  
The i n  s i t u  r e s i s t i v i t y  measurements were then much 18.8 
accurate.  The problem of non-uniform a t t a c k  is aggravated, 
and t h e  small l eng th  t o  diameter ratio y i e l d s  an uneven cu r r an t  
d i s t r i b u t i o n  a long t h e  f i b e r  ax i s .  Nevertheless,  t h e  f i n a l  
resistivity changes were measured wi th  a wheatstone br idge and 
used f o r  rough comparison. In  s eve ra l  cases t h e  change was 
less 'than a f a c t o r  of 3. E i the r  a hindered d i f f u s i o n  i n t o  t h e  
core o f  t h e  bundle o r  an over ox ida t ion  t o  carbon oxider 
con t r ibu t e8  to  t h e  small change. In  two cases, however, resis- 
t i v i t y  increased t o  a f a c t o r  of 15. 
According t o  the  mechanism dircussed above, increasing 
t h e  water content ahould a h i f t  the  equilibrium t o  t h e  r ight .  
Hence a less concantrated ac id  system would be expected t o  
y i e l d  better resu1t.r. The color ing phenomenon seems t o  in- 
d i c a t e  a o m  v a l i d i t y  of t h i s  auppomition. I n  e l e c t r o c h e ~ c a l l y  
oxidizing a bundle of Tyw-P f i b e r  by dipping it i n t o  a 79% R2S04 
ryatem, within minuter a blue hue appears i n  t h e  electrode-  
gar- l iquid in te r face ,  while a yellowish green co lo r  develop. 
a t  the t i p  of  the f iber .  The hues tu rn  brown upon f u r t h e r  
oxidation. 
A p l o t  of r e s i s t i v i t y  change vr .  p o t e n t i a l  f o r  8 ingle  
f i b e r s  is ahown i n  Fig. 7. Graphite oxide is indeed more 
e a s i l y  formed i n  the  more d i l u t e  syatems. However t h e r e  is 
a c r i t i c a l  concentration below which t h e  graphi te  biaulphate 
compound would jus t  decompose t o  graphite.  Acid concentrations 
varying from 508 t o  90Q give s i m i l a r  result.. 
Fig. 7 a l s o  shown t h a t  t h e  i n t e r c a l a t i o n  of bisulphatc  ions  
i a  most rapid  when the re  is l e r a  water present ,  and t h e  conver- 
aion t o  graphi te  oxide is more rapid when more weter is  preaent, 
The idea of performing t h e  i n t e r c a l a t i o n  of  pure BISO, and the  
oxidation i n  a more d i l u t e  system seem uaefu'l. But once 
again the  breakage problem prevented w from demonstrating the  
advantage. 
I n  addi t ion,  r o w  experiments are performed i n  fuming 
aulphuric acid (15-20Q). Tke exceaa SOj wouln react with t h e  
l e a s t  t r a c e s  of water according t o  the  reac t ion  
. - -  . . - . - - - - - I 
SO, + H 2 0  H2SOI (7 )  
Spontaneous i n t e r c a l a t i o n  i s  observed. This is understandable 
i n  terms of t h e  - e l ec t roph i l i c  character  of SOj. Since SO3 
is able  t o  remove e lec t rons  from the  graphi te  it a c t s  as an 
aux i l i a ry  oxidizing agent. Res i s t iv i ty  dropped by a f a c t o r  
of  2 by justimmers'ingthe sample i n  tho solu t ion .  As expected, 
t h e  increase i n  t h e  medium's a c i d i t y  enhances t h e  degree of 
ioniza t ion  and minimum r e s i s t i v i t y  was recorded a s  R0/R50. 
The r e s i s t i v i t y  does not  increase a t  higher p o t e n t i a l s  a s  it 
does i n  96% H2S04, confirming t h e  mechanism t h a t  t h e  presence 
of H 2 0  i s  e s s e n t i a l  i n  forming graphi te  oxide. 
It i s  a l s o  speculated t h a t  t h e  i n t e r c a l a t i o n  w i l l  be bes t  
accomplished electrochemically and t h e  oxidation chemically. 
The f i b e r  is  electrochemically synthesized t o  t h e  s t age  1 
graphi te  bisulphate compound and then placed i n  the  oxidizing 
mixture (Hummer's method) WL& H20 i n  it. Since t h e  charge 
in te rca la ted  can be ca re fu l ly  control led,  it seems possible  
t o  have a cons is ten t  s t a r t i n g  composition f o r  t h e  oxidation 
and hence a reproducible r e su l t .  Unfortunately a l l  the  f i b e r s  
t r ea ted  t h i s  way break i n  t h e  chemical oxidat ion step.  Whether 
t h a t  i s  due t o  some unknown reac t ions  i s  uncertain.  
Comparing t h e  e lect rochemical  method t o  t h e  chemical 
one i n d i c a t e s  t h a t  t h e  former does not  y i e l d  as good a r e s u l t  
i n  terms of  i nc rease  i n  r e s i s t i v i t y .  This  can be explained 
by t h e  d i f f i c u l t y  ir- exchanging t h e  hydroxyl i o n s  w i t h  t h e  
b i su lpha te  ions .  Graphite b i su lpha t e  tends  t o  form a  h igh ly  
s t a b l e  res idue  compound by t rapping  t h e  i n t e r c a l a t e s  a t  
d e f e c t  sites. ~ e n n i ~ l *  suggest  t h a t  about 1/3 of  t h e  
i n t e r c a l a t e d  b i su lpha te  ions  and about 1/2 o f  t h e  H2SOq 
molecules remain i n  t h e  l a t t i c e  dur ing de- in te rca la t ion .  
Another f a c t o r  a t t r i b u t a b l e  t o  t h e  d i f f e r ence  i n  r e s u l t s  might 
be  an a l t e r n a t i v e  mechanism taken by the chemical method. 
~ b b e l o h d e ' ~  sugges t s  t h a t  OH r a d i c a l s  might form i n  t h e  pre-  
sence of  pos i t i on  i o n s  as descr ibed by t h e  equi l ib r ium 
m3+ + OH- -+ m2+ + OH. (8  1 
I f  indeed t h e  equi l ib r ium was s u f f i c i e n t l y  s h i f t e d  t o  t he  
r i g h t ,  t h e  formation of g raph i t e  oxide might no t  have t o  go 
through t h e  sequence where ox ida t ion  is preceded by t h e  
i n t e r c a l a t i o n  of b i su lpha t e  ions .  These e n e r g e t i c  r a d i c a l s  
may d i r e c t l y  bond t o  t h e  g raph i t e  l a t t i c e .  Also noteworthy 
i s  t h a t  t h e  cons tan t  c u r r e n t  method cannot accomplish t h e  
same goal  a s  i n  t h e  cons tan t  p o t e n t i a l  e l e c t r o l y s i s .  I t  is  
. 
only  a t  high p o t e n t i a l s  t h a t  hydroxyl i ons  can be generated 
and enough energy is provided t o  overcome t h e  p o s i t i v e  AG 
o f  reac t ion .  
CONCLUSION i i 1 
The electrical r e s i s t i v i t y  of  commercial carbon g r a p h i t e  . '  j B 
3 
f i b e r s  has  been s u c e s s f u l l y  increased by using chemical ox ida t ion  { 
techniques.  The r e s i s t i v i t y  of t h e  oxidized f i b e r  was observed 
t o  dec l ine  exponent ia l ly  wi th  t i m e  on exposure t o  atmosphere. 
4 
S t i l l  t h e  f i n a l  s t a b i l i z e d  va lue  i s  t h r e e  o r d e r s  of magnitude 
g r e a t e r  than t h e  p r i s t i n e  f i b e r .  B e s t  r e s u l t s  a r e  ob ta ined  on 
t h e  h igh ly  g raph i t i zed  f i b e r s .  I 
I 
. 
Although t h e  e lect rochemical  t echniques  t o  no t  render  
a r e s i s t i v i t y  i nc rease  as dramat ic  a s  i n  t h e  chemical t rea tment ,  
it provides  a c o n t r o l l a b l e  method of syn thes i s .  An increase 
i n  excess  of 10 t i m e s  can be ob ta ined  and no decomposition is , 
detected. 
T e s t s  on t e n s i l e  s t r e n g t h  and e l a s t i c  modulus i n d i c a t e  t h a t  
f i b e r s  do maintain t h e i r  mechanical p r o p e r t i e s  a f t e r  t rea tment .  
The i n t e r s t i t i a l  ox ida t ion  reduces t h e  s t r e n g t h  of t h e  f i b e r  by 
no more than 25%. 
The r e s u l t s  of t h i s  i n v e s t i g a t i o n  have been p o s i t i v e  wi th  
r e spec t  t o  t he  o r i g i n a l  proposal  o f  increas ing  t h e  r e s i s t i v i t y  
of .;he f i b e r  and a t  t h e  same time maintaining t h e  high mechanical 
s t r eng th .  The f e a s i b i l i t y  of con t ro l l ed  e l e c t r o l y t i c  ox ida t ion  
is  a l s o  confirmed. It i s  poss ib l e  t h a t  a r e s i s t i v i t y  i n c r e a s e  
of an o rde r  of magnitude would be enough t o  prevent  the air -  
borne f i b e r s  from causing arc over problems. The e l e c t r o -  
chemical ox ida t ion  of the f i b e r s  would then provide an i d e a l  
s o l u t i o n  t o  t h e  problem s t a t e d .  
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Table I. Correlation of  r e s i s t i v i t y  change with reaction 
temperature for Type P f iber.  
Table 11. Summary o f  r e s i s t i v i t y  changes i n  graphite f ibers ,  
Temperature Ratio o f  increase Number of Standard 
OC i n  Res is t iv i ty  samples Deviation 
25 
30 
3 5 
40 
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60 
Res i s t iv i ty  Increase (R/Ro) 
Fiber type I n i t i a l  Value Stabi l ized  Value - 
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Fig. '1 Resistivity change of the oxidized Type-P 
fiber as a function of reaction temperature. 
Figure 2 . Decay of R e s i s t i v i t y  of 
Oxidized Type P Fiber 
with time. 
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Fig. 4 Experimental set-up of the Electrolysis  



